Norepinephrine stimulates the growth of a range of bacterial species in nutritionally poor SAPI minimal salts medium containing 30% serum. Addition of size-fractionated serum components to SAPI medium indicated that transferrin was required for norepinephrine stimulation of growth of Escherichia coli. Since bacteriostasis by serum is primarily due to the iron-withholding capacity of transferrin, we considered the possibility that norepinephrine can overcome this effect by supplying transferrin-bound iron for growth. Incubation with concentrations of norepinephrine that stimulated bacterial growth in serum-SAPI medium resulted in loss of bound iron from iron-saturated transferrin, as indicated by the appearance of monoferric and apo-isoforms upon electrophoresis in denaturing gels. Norepinephrine also caused the loss of iron from lactoferrin. 
Bacterial growth and virulence have long been known to be influenced by environmental parameters such as temperature, pH, and osmolarity. The effect of host signaling molecules on bacteria, however, has only recently become apparent (30, (33) (34) (35) , leading to the concept of microbial endocrinology (16, 17) , which proposes that infectious organisms utilize hormones present within the host as environmental cues to initiate growth and pathogenic processes. Supporting this concept are the observations that elevated catecholamine levels preceded the development of acute infectious disease episodes (12) and that levels of epinephrine and norepinephrine (NE) were significantly higher in postoperative patients who developed severe sepsis than in those with uncomplicated recovery (11) . Systemic infections are often caused by translocation of commensal organisms from the gastrointestinal tract following traumatic injury, such as burns or major surgery, even when there is no direct injury to the gastrointestinal tract itself (5, 25, 28) . One consequence of severe tissue injury is the release of NE into the peripheral circulation due to the destruction of noradrenergic neurons innervating the traumatized tissue (28, 37) . Lyte and Bailey (19) used a mouse model of neurotoxininduced trauma to show a direct correlation between experimentally elevated systemic NE levels and overgrowth and translocation of indigenous gut bacteria, particularly Escherichia coli.
A number of in vitro studies also indicate that NE has marked stimulatory effects on the growth of important microbial pathogens (3, 4, 9, (18) (19) (20) (21) (22) (23) . The fact that such studies typically involve iron-restricted growth media raises the intriguing possibility that NE acts by facilitating the supply of iron to stressed bacterial cells. In this paper, we demonstrate that NE does indeed stimulate bacterial iron uptake and growth in iron-restricted conditions imposed by the high-affinity iron-binding glycoproteins transferrin and lactoferrin.
100°C for 3 min, and analyzed by electrophoresis on SDS-7% polyacrylamide gels. For analysis of protein profiles, gels were fixed and stained after electrophoresis in 0.05% (wt/vol) Coomassie blue in 40% (vol/vol) methanol and 10% (vol/vol) acetic acid and destained in 10% (vol/vol) methanol and 10% (vol/vol) acetic acid. For identification of proteins by N-terminal sequencing, gels were electroblotted onto polyvinylidene difluoride (PVDF) membranes at 0 to 4°C in 25 mM Tris, 192 mM glycine, and 0.037% (wt/vol) SDS, and 10% (vol/vol) methanol. Protein bands of interest were excised and sequenced using an Applied Biosystems 470A gas-phase sequencer.
Iron removal from Tf and Lf. Iron-saturated Tf (50 g) was incubated with NE (at concentrations indicated in the text) at 37°C for 15 h in 50-l assay volumes containing 100 mM Tris-HCl (pH 7.5) and 10% (vol/vol) glycerol (8) . NE was omitted from negative controls; 10 mM DHBA was included in positive controls. Samples were analyzed by electrophoresis in 6% polyacrylamide gels containing 6 M urea (24) in a BioRad Protean II vertical minigel system. Electrophoresis was at 70 V for 5 h. Gels were fixed and stained as described above. A partially iron-saturated human Tf preparation (Sigma), comprising iron-depleted, ironsaturated, and both N-terminal and C-terminal domain monoferric isoforms, was used as a marker standard. The equivalent isoforms of Lf resolve poorly on urea-acrylamide gels; however, removal of iron from Fe-Lf is characterized by an increase in apparent molecular mass from 70 to 78 kDa following electrophoresis in nonreducing SDS-polyacrylamide gels (10, 38) . Assays were therefore performed as described for Tf except that Lf protein samples were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) as described above. H]NE binding was measured by mixing samples with 2 ml of Emulsifier-safe scintillant (Canberra-Packard, Pangbourne, U.K.) for counting in the tritium channel of a Minaxi Tri-Carb 400 series scintillation counter (Canberra-Packard). All assays were performed on at least three occasions and were quantitatively similar between experiments, typically varying by less than 10%.
NE-Tf complex formation. The interaction of Tf with NE was analyzed by Sephadex G-25 gel chromatography (column size, 0.5 by 10 cm) in PBS at a flow rate of 0.3 ml/min; 0.5-ml fractions were collected, and 30-l aliquots were measured for radioactivity as described above. 3 , as indicated in the text. Bacteria were in contact with the radioligands throughout the assay. Cells from triplicate 1-ml cultures were harvested by centrifugation, washed once with 1 ml of ice-cold PBS, and suspended in 50 l of PBS. Radioactivity was measured as described above. All incorporation assays were performed on at least three occasions and were quantitatively similar between experiments, with values typically varying by less than 10%. Note that multiple washes with PBS or with PBS containing excess iron, cold NE, or cold apo-Tf gave essentially identical results. Moreover, this method gave more reproducible results than the more conventional filter capture method of harvesting radiolabeled bacteria; serum-SAPI is an osmotically stressful medium, and bacteria were susceptible to lysis in hypotonic washing solutions in filter assays. 55 Fe, harvested bacteria were disrupted by sonication (four times for 15 s each; 6-m amplitude), and after removal of nonlysed bacteria by centrifugation, the cell-free supernatant was separated into soluble (periplasmic and cytoplasmic) and membrane fractions by centrifugation at 50,000 ϫ g for 10 min. The pellet was washed twice with 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA (TE buffer), recovered by centrifugation at 50,000 ϫ g, and suspended in TE buffer. Supernatants and pellets were analyzed for radioactivity (as described above) and for the presence of Tf by Western blotting. Samples were separated by electrophoresis on SDS-12% PAGE gels, electroblotted onto PVDF membranes as described above, and probed with a 1:2,000 dilution of anti-Tf polyclonal antiserum (Sigma; T-6265); visualization of cross-reactivity was done by horseradish peroxidase-conjugated secondary antibodies (Sigma; A-5420; 1:3,000 dilution) and enhanced chemiluminescence (Amersham Pharmacia Biotech).
RESULTS

Involvement of Tf in stimulation of growth by NE.
We previously reported the use of a serum-containing growth medium (serum-SAPI) to examine the responsiveness of gram-negative and gram-positive bacteria to NE (9, 21) . The SAPI minimal salts component of this medium is nutritionally rather poor, supporting bacterial growth to a low level (approximately 10 7 CFU/ml, Fig. 2a ) compared with media such as M9 salts (9) . Addition of NE (50 M) to SAPI minimal medium did not stimulate growth of any bacterial species we have tested and indeed was slightly inhibitory to some, including E. coli. Addition of serum (30%, vol/vol) severely restricted growth in SAPI medium. However, as we have shown previously (9, (18) (19) (20) (21) (22) (23) , addition of NE to serum-supplemented SAPI cultures not only overcame the inhibitory effect of serum, but also significantly stimulated growth to a level (Ͼ10 8 CFU/ml; Fig. 2a ) comparable to that in conventional media. It is interesting to note that the ability of the clinical E. coli isolate E2348/69 to synthesize and utilize the siderophore enterobactin (15) is not sufficient to allow growth in serum-SAPI medium to a level equivalent to that attainable in the presence of NE.
To identify the components of serum required for growth stimulation by NE, we separated 1 ml of bovine serum into high-and low-molecular-weight fractions by size exclusion chromatography (Fig. 2b) , added each fraction to SAPI medium, and assayed growth of our E. coli test strain in the presence and absence of NE (Fig. 2c) . Fractionated serum did not show the growth-inhibitory potential of whole serum (size fractionation results in significant dilution), and so growth was observed with all fractions, even in the absence of NE. However, significant stimulation of growth by NE was still apparent, particularly with the high-molecular-weight protein fractions. PAGE in the presence of SDS showed that the active fractions contained several particularly abundant proteins of approximately 50, 60, and 75 kDa (Fig. 2d) . N-terminal sequencing of the 60-and 75-kDa proteins gave sequences (DTHKSEIA and DPERTVR) that identified them as serum albumin and mature Tf, respectively; the 50-kDa protein was N-terminally modified and failed to sequence, but based on its size and relative abundance, it may be a component of complement.
Immunoblotting with antiserum against bovine Tf confirmed the presence of Tf in all fractions that stimulated bacterial growth in the presence of NE (data not shown).
NE-induced loss of iron from Tf and Lf. The bacteriostatic effect of serum is due primarily to the iron-binding capacity of Tf (although it is likely that other components, including lowmolecular-weight molecules, may also be involved [unpublished data]). The intriguing possibility arises, therefore, that NE overcomes this effect in serum-SAPI medium by sequestering and supplying Tf-bound iron for bacterial growth. The catecholate structure of NE (Fig. 1 ) is certainly consistent with the ability to form bidentate complexes with ferric ions. Moreover, incubation of purified diferric Tf with NE resulted in marked loss of bound iron, as analyzed by denaturing urea-PAGE (Fig. 3a) . The effect was concentration dependent, although we were never able to demonstrate complete removal, as achieved with DHBA (8) . Nevertheless, the appearance of some apo-Tf at higher NE concentrations (see also Fig. 4c) indicates loss of iron from diferric and both monoferric isoforms of Tf, an effect that was prevented by addition of excess iron to the incubation mixtures (Fig. 3a) . Significantly, the concentrations of NE that resulted in loss of iron from Tf were also able to stimulate the growth of E. coli in serum-SAPI medium (Fig. 3b) . On the other hand, the pharmacologically inactive metabolite NE-S, whose structure is inconsistent with bidentate complex formation with ferric iron (Fig. 1) , was unable to remove iron from Tf (Fig. 3a) or to support bacterial growth in serum-SAPI medium (Fig. 3b) . DHBA also stimulated growth of E. coli in serum-SAPI (Fig. 3b) , although a concentration of 10 mM was required to attain growth levels comparable to those achievable with 50 M NE. Although we routinely use a test medium containing serum Tf to study the effects of NE, we are aware that it is in the Lf-rich mucosal secretions of the gastrointestinal tract that E. coli is most likely to encounter neuroendocrine hormones in vivo. Because of the physical characteristics of Lf, it was not possible to analyze iron removal by NE in urea gels. However, mobility changes in SDS-polyacrylamide gels were observed that indicated that NE also caused loss of iron from Lf (Fig.  3c) . NE-S, on the other hand, was unable to remove iron from Lf (data not shown).
Formation of an NE-Tf complex. To determine whether NE was able to supply Tf-derived iron for bacterial growth, we attempted to prepare 55 Fe-complexed NE by incubating NE with [
55 Fe]Tf and separation on a Sephadex G25 column. To our surprise, however, identical elution profiles for [
55 Fe]Tf were obtained in the absence (Fig. 4a) and presence (Fig. 4b ) of NE; no low-molecular-weight peak of radioactivity corresponding to [
55 Fe]NE was observed in the nondenaturing conditions of the Sephadex column, despite the fact that urea-PAGE clearly indicated NE-dependent loss of iron from [ 55 Fe]Tf in denaturing conditions (Fig. 4c) . Sephadex G25 fractionation of unlabeled Tf that had been incubated with [ 3 H]NE gave a major peak of label corresponding to unbound [ 3 H]NE and a minor peak with the expected elution volume of Tf (Fig.  4d) (Fig. 4f) . However, while spin column-purified NE-Tf and NE-Lf complexes supported bacterial growth in serum-SAPI medium in the absence of additional NE, iron-free NE-apo-Tf did not, even at 100 g/ml (Fig. 4e) , confirming the importance of iron supply in growth stimulation. Note that [ 3 H]NE also bound to BSA (Fig. 4f ), but this complex did not stimulate bacterial growth in serum-SAPI medium (Fig. 4e) .
NE-mediated bacterial iron uptake. We previously reported that NE is nonfunctional in standard siderophore growth assays (9) . The data presented above strongly suggest that NE stimulation of bacterial growth in the presence of serum is dependent on the formation of a ternary complex comprising NE, iron, and Tf or Lf. The question remains, therefore, whether NE mediates the supply of Tf-or Lf-sequestered iron to growing bacteria. To address this, we grew E. coli in SAPI medium containing serum labeled with 55 Fe (Fig. 5a) (Fig. 5c) . In all three media, NE-stimulated growth was accompanied by substantial association of 55 Fe label with bacterial cells. Moreover, essentially identical results were obtained in growth assays performed in serum-SAPI medium supplemented with [ 3 H]NE (Fig. 5d) to SAPI in the absence of Tf, levels of growth and of radioactivity associated with bacterial cells were essentially identical in the absence and presence of NE (Fig. 6b) . Iron uptake in the absence of NE is presumably siderophore mediated. More efficient iron uptake in the presence of NE, regardless of the presence of serum, strongly suggests that formation of a complex with Tf-bound iron is essential for the effects that we observe with NE. (Fig. 7a and b) , indicating that both NE and Tf-or Lf-derived iron are internalized by growing bacteria. Western blotting of separated proteins from membrane and soluble fractions with anti-Tf antibodies indicated that associated Tf remained bound to the bacterial membrane (Fig. 7c) , and indeed may account for the significant minority of 55 Fe counts (approximately 20% of the total) that remained in the membrane fraction. The incorporation of NE and Tfbound 55 Fe is markedly influenced by environmental iron levels (Fig. 5a to d) ; addition of 200 M iron to NE-supplemented cultures had no appreciable effect on bacterial growth, but significantly reduced both 55 Fe and 3 H uptake.
DISCUSSION
Iron is an essential nutrient for the growth of most bacteria. Moreover, in the case of pathogenic bacteria, effective iron acquisition in the face of the defensive hypoferremic response of the infected host may be crucial to the outcome of an infection (36) . Bacteria use a variety of mechanisms to acquire iron, including ferric reductase activity, interactions with host iron-binding proteins, and the use of siderophores, low-molecular-weight secreted molecules with high affinity for ferric iron (13, 27, 36) . Many species possess the genetic capacity both to synthesize and to take up siderophores, and some species express uptake systems for exogenous siderophores secreted by other microorganisms (14, 27) . Furthermore, certain compounds present in the growth milieu, such as the primary metabolites ␣-keto-and ␣-hydroxyacids (14, 31), can act in a siderophore-like fashion, supplying iron for bacterial growth in the absence of other high-affinity iron uptake systems. The data presented in this report suggest that opportunistic utilization of the neuroendocrine hormone NE represents yet another method by which bacteria acquire iron. Previous work by Coulanges and coworkers proposed that Listeria monocyto- genes uses ferric reductase activity to obtain iron bound to catecholamine hormones in vitro (3, 4) . However, since NE stimulates the growth of a wide range of both gram-negative and gram-positive bacteria in iron-restricted conditions (9) , it is unlikely that a single mechanism applies to all species. Here we demonstrate that NE at physiological concentrations complexes with the host iron-binding glycoproteins Tf and Lf and that a clinical E. coli strain has the ability to both bind and use these complexes as a source of iron for growth in vitro. Uptake of iron and NE by growing bacteria is significantly reduced in iron-supplemented cultures, indicating that NE-mediated acquisition of iron is modulated by environmental iron concentrations. NE-Tf and NE-Lf complexes appear to be relatively stable, although analysis by PAGE in the presence of urea or SDS indicated NE-dependent loss of iron from Tf and Lf, respectively, in native conditions, there was no measurable transfer of protein-bound iron to free NE. We suggest that the affinity of Tf and Lf for iron is reduced by complex formation with NE, presumably due to structural or conformational changes in the proteins, and that this facilitates iron removal and assimilation by bacteria. Preliminary examination of the UV and visible spectra of diferric Tf before and after incubation with NE suggests shifts in absorption maxima consistent with changes in iron-binding affinity (unpublished data). Although it is clear that NE can facilitate removal of iron from Tf and Lf, we do not yet know the mechanism by which E. coli takes up iron from NE-Tf and Lf-Tf complexes. Our data are compatible with two possible models, one in which NE simply releases iron from Tf, which is then assimilated via microbial iron acquisition systems, the other in which NE acts in a siderophore-like fashion, removing iron from Tf and delivering it directly to the bacteria. Although we have yet to demonstrate chelation of iron by NE, we favor the latter model, since both NE and Tf-and Lf-derived iron are internalized. However, the question of how bacteria acquire iron from NE still remains. Previous in vitro work has shown that agonists or antagonists of vertebrate adrenergic receptors had no measurable effect on NE-stimulated growth of gram-negative bacteria in iron-restricted medium (22) . Moreover, database searches of genome sequences have so far revealed no evidence for vertebrate-type adrenoreceptors among NE-responsive bacteria. The E. coli strain used in this work is wild type for enterobactin synthesis and utilization (15) , but this alone is not sufficient to promote growth in serum-SAPI medium unless NE is also present. Mutants (entA and entF) deficient in enterobactin synthesis do not grow at all in serum-SAPI medium even in the presence of NE (unpublished data), suggesting that enterobactin is involved in some way in the NE responsiveness of E. coli, but whether the effect is direct or indirect is not yet known. This is currently under investigation in our laboratories.
The physiological importance of the interaction of NE with Tf or Lf is unclear. However, from the infectious disease standpoint, it is apparent that the formation of these complexes in vivo is potentially dangerous if, as demonstrated in vitro, they supply iron for bacterial growth. It may also be significant that NE binds to the very abundant serum protein albumin; since the NE-albumin complex does not support bacterial growth in iron-restricted medium, such binding may be important in reducing the effective systemic concentration of microbiologically active NE. It would be interesting to know if NE retains pharmacological activity in complexes with Tf, Lf, or albumin. Serum Tf is normally about 30% iron saturated in healthy individuals and maintains free iron in the blood at levels too low to support microbial growth; Lf limits iron availability at mucosal surfaces and in secretions (36) . We propose that formation of NE-Tf and NE-Lf complexes in vivo creates environments in which iron is more readily available for bacterial growth. We previously demonstrated that release of NE into the gastrointestinal tract of mice following chemical sympathectomy resulted in a greater than 100,000-fold increase in viable E. coli in the cecum within 24 h, with concomitant tissue invasion (19) . In trauma and burn patients, in whom the development of intra-abdominal sepsis due to commensal bacteria is frequently observed, severe tissue damage is associated with massive systemic release of NE, which eventually spills over into the gastrointestinal tract (5, 25, 28, 29, 37) . Moreover, many patients in intensive care receive intravenous catecholamine hormone infusions to maintain heart function (32); such patients are particularly susceptible to infection from a variety of opportunistic pathogens despite intensive antibiotic prophylaxis. Thus, while effects of trauma on mucosal integrity and decreased resistance to infection due to impaired immune status may partly account for the occurrence of sepsis in critically ill patients, a direct effect of catecholamine hormones, either released naturally as a consequence of stress or administered therapeutically, on bacterial growth should not be discounted.
Catecholamine levels in vivo are tightly controlled, in terms of both production (in response to stress) and metabolism. Indeed, a significant proportion of NE in the body at any time is likely to be in the pharmacologically inactive sulfated form NE-S, due to the activity of catecholamine sulfotransferases located primarily within the gastrointestinal tract (2, 6, 7). NE-S is unable either to remove iron from Tf and Lf in vitro or to stimulate bacterial growth in iron-restricted medium. In the mammalian body, the gastrointestinal tract is the site at which bacteria are most likely to encounter NE and Lf. We may speculate, therefore, that inactivation of NE by sulfation, in addition to its generally recognized purpose of damping down nervous system activity, may play an important physiological role in maintaining a stable commensal flora in healthy individuals by at least partially abrogating the bacterial growthstimulatory effects of NE-mediated iron supply. Experiments to test these hypotheses are currently in progress in our laboratories.
